Abstract-Isolated converters are desirable in the DC-DC power conversion applications where isolation and/or a large voltage step-up gain is needed. Traditional isolated DC-DC converters either utilize many switches to achieve high efficiency or use few switches which result in low efficiency. This paper proposes a new single-switch isolated DC-DC converter with a LCL-resonant circuit. The proposed isolated DC-DC converter has the advantages of not only using the least number of (i.e., one) switch, but also achieving zero-current switching (ZCS) and zero-voltage switching (ZVS) when the switch is turned on and off, respectively. Experimental results are provided to validate the theoretical analysis and simulation. The proposed converter has achieved the maximum efficiency of 93.5%, which is higher than the corresponding hardswitching converter with a similar topology.
INTRODUCTION
In the systems such as batteries and photovoltaic systems where the output voltages of the sources are low, step-up DC-DC converters are commonly used to regulate the voltages to the desired higher values. This type of converters acts as a "DC transformer" to convert the lowerlevel voltage to a higher-level voltage required by a subsequent converter.
Many topologies have been proposed for step-up DC-DC converters, which in general can be classified into two categories: isolated topologies and nonisolated topologies [1] . Nonisolated converters include various boost type converters [2] - [5] . Their voltage ratios can be further increased by using the cascaded [6] or coupled-inductor [7] technique. In the applications where the step-up voltage regulation ratios are not high, the nonisolated converters usually have higher efficiency than the isolated topologies because no galvanic transformers are used.
On the contrary, in the applications that require high voltage regulation ratios, the isolated topologies are preferable, since they can achieve higher efficiency than nonisolated converters by properly designing the transformer's turn ratio to get the optimal duty cycle. Moreover, an isolated converter provides isolation between the input and output, which is desired from the safety perspective.
A number of isolated converters have been proposed for power factor correction [8] - [9] and high voltage step-up applications [10] - [11] . These topologies include push-pull, isolated boost [8] , isolated inductor-fed boost [10] - [11] , and isolated buck-boost topologies [12] . Some of them have certain limitations. For example, the duty cycle of the converter in [9] should be set larger than 50% even in the start-up mode. The inductor-fed boost converter in [10] has a high voltage stress across the switch when it is turned off, and an additional voltage clamp circuit is required. Moreover, the aforementioned converters use either four or two switches for each source. Therefore, they have higher hardware costs and more complicated topologies compared with the forward/flyback converter which requires only one switch.
Recently, the authors proposed a new isolated boost converter only using one switch [15] . The converter is capable of delivering power during the whole switching period and has a smaller transformer than that in the forward/flyback converter. However, it has a high voltage stress when the switch is turned off due to the hard switching. To overcome this disadvantage, a soft-switching circuit is introduced in the converter in this work.
The soft switching technique has been implemented for the single-switch converters using a resonant circuit, which consists of the transformer leakage inductance and the added capacitance [16] - [18] . Then the zero-voltage switching (ZVS) can be achieved in the switch, while the rectifier diodes on the secondary side of the transformer are turned on under the zero-current switching (ZCS) condition [17] . Meanwhile, the efficiency of the converter was increased owing to the soft switching. This paper presents a new single-switch, LCL-resonant, isolated, DC-DC converter. It not only benefits from the merits of soft switching by reducing the voltage stress across the switch, but also increases the efficiency of the converter. The proposed DC-DC converter can be easily extended to a multiport converter [19] for integrating multiple sources.
II. TOPOLOGY AND OPERATING PRINCIPLE OF THE PROPOSED CONVERTER
The circuit diagram of the proposed converter is shown in Fig. 1 , which consists of a high-frequency transformer, a switch S, an energy storage capacitor C S , a full-bridge rectifier, and a LCL-resonant circuit, which consists of two inductors L r and L k and a capacitor C r , where L k includes the introduced inductance L k1 and the leakage inductance of the transformer L 2) The body diode of the switch is ideal, i.e., the forward voltage of the diode is zero.
3) The capacitances C 1 , C s , and C are sufficiently large so that their steady-state voltages are constant.
In the steady state, V Cs = V s , where V s is the converter input voltage. The converter has seven operating modes depending on the states of the switch and the resonant circuit. The differential equations of the resonant circuit in
where v represents the voltage of the capacitor C r ; L r (k) and i r (k) represent the equivalent resonant inductance and the current flowing through the equivalent resonant inductor in the k th (k = 1, ···, 7) operating mode, respectively. Then v can be solved from (1) and has the following form. 
where ω k is the resonant frequency in Mode k, V k * is the
, and A k and B k are coefficients, which can be expressed as:
where v(t k ), I s , i p (t k ), and i(t k ) represent the voltage of C r , and the currents of L 1 (i s can be viewed as a constant value I s because of a large L 1 ), L k , and L r at time t k , respectively. Equation (3) indicates that only ω k and V k * are required to determine the coefficients of (2).
The equivalent circuits and steady-state waveforms of the seven operating modes of the converter are shown in Figs. 2 and 3, respectively. To facilitate the explanation of the converter operation, define V T = V dc /n the equivalent output voltage of the converter referred to the primary side of the transformer.
Mode 1: t ∈ [t 1 , t 2 ] (see Fig. 3 ). Prior to Mode 1, the switch S is off, and the current flowing through L r and L k are zero and a positive value I s , respectively, i.e., i(t 1 ) = 0, i p (t 1 ) = I s . When S is on, as shown in Fig. 2(a) , L r and L k resonate with C r ; the current of the inductor L r increases and the voltage of the capacitor C r decreases. Due to the existence of L r , the current of the switch increases slowly so that the switch is turned on under the ZCS condition. The circuit equations in this mode can be expressed as: (6) where // represents that L r and L k are connected in parallel; i m is the current flowing through the primary magnetizing inductor L m . At the end of Mode 1, i p (t 2 ) = i m (t 2 ), i 1 (t 2 ) = 0, and v 1 (t) changes its polarity from positive to negative .
Mode 2: t ∈ [t 2 , t 3 ], during which S is on, i p (t) = i m (t), and i 1 (t) = 0. As shown in Fig. 2(b) , the primary magnetizing inductance L m , L k , and L r resonate with C r . The equations in this mode can be described as follows:
At the end of Mode 2, v 1 (t 3 ) = −V T . Mode 3: t ∈ [t 3 , t 4 ], during which S is on, i(t) > 0, v 1 (t) = −V T , i Ds2 (t) >0; as shown in Fig. 2(c) , L r and L k resonate with C r ; the energy stored in L r is released to charge the capacitor C r ; v 1 is clamped to −V T . The equations can be expressed as follows.
Mode 4: t ∈ [t 4 , t 5 ], during which S is on, as shown in Fig. 2(d) , the negative current flows through the internal diode of the switch, then the switch can be turned off at any time in this mode under the ZVS condition. The equations are the same as those in Mode 3.
At the end of this mode, i(t 4 ) = 0 and S is fully turned off. Mode 5: t ∈ [t 5 , t 6 ], during which S is off, i(t) = 0, i 1 (t) < 0, v 1 (t) = −V T . As shown in Fig. 2(e) , L r and the switch S can be neglected in the circuit. The inductor L k resonates with the capacitor C r . The equations are expressed as: Fig. 3 . Steady-state waveforms of the proposed converter.
At the end of Mode 5, i Ds2 (t 6 ) = 0, v 1 (t) changes its polarity from negative to positive.
Mode 6: t ∈ [t 6 , t 7 ], during which S is off, i p (t) = i m (t) and i 1 (t) = 0. As shown in Fig. 2(f) , L m and L k resonate with C r , and C r is charged in this mode.
( )
At the end of Mode 6, v 1 (t 7 ) = V T . Mode 7: t ∈ [t 7 , t 8 ], during which S is off, i 1 (t) > 0, v 1 (t) = V T . As shown in Fig. 2(g) , L k resonates with C r , and
Then
Once S is turned on at time t 8 , Mode 7 switches to Mode 1.
III. COMPONENTS DESIGN
Given the input voltage V s , power P, and the load resistance R L , the input current I s , transformer's turn ratio n, and output voltage V dc can be calculated. The quality factor of this LCL-resonant converter can be calculated as: (19) where R ac is the equivalent resistance [20] of the load resistance referred to the primary side of transformer, and Z is the characteristic impedance of the resonant circuit which is defined below.
Z can be calculated from (18) and (19) if the desired Q and R L are given. Then C r can be calculated from (5) and (20) by given the resonant frequency. After C r is determined, L r // L k can be calculated from (20) . The capacitance C s can be determined as follows [15] :
where T is the switching period; D is the duty cycle; Δv cs is the predefined voltage ripple of the capacitor C s .
The maximum current (I max ) flowing through the switch is achieved at time t p when v = 0, then
Then the switch is selected according to the maximum current calculated by (22) and the peak voltage v(t 1 ) of the capacitor C r .
IV. SIMULATION RESULTS
Simulation studies are carried out in MATLAB/Simulink to validate the proposed converter. The switching frequency is 80 kHz; the nominal input voltage is 15V; the load R L = 50Ω; the transformer turn ratio is n = 14:6; Q is set 4.5 in this paper; and the inductance and capacitance values are listed in Table 1 . 3. As shown in Fig. 4 , when the switch is on, the cosine waveform of the voltage v across C r and the sine waveform of i indicate the resonance between C r and L r . When the current flowing through switch changes its direction from a positive value to a negative value, it indicates that the body diode of the switch is conducted, then the switch can be turned off under the ZVS condition.
V. EXPERIMENTAL RESULTS
To further verify the simulation results, a 100-W prototype of the proposed converter is constructed. The experimental setup is shown in Fig. 5 , it consists of the proposed converter where the LCL-resonant components are highlighted, an eZdsp F2812 control board, and a resistive load R L . A low on-resistance (10.7 mΩ) MOSFET (IPB107N3) is used as the switch of the converter, the rectifier diodes D s1~Ds4 are selected be EGP50D-E3/54. Other parameters are set the same as those used in the simulation studies. Fig. 7 shows the voltage (v ds , CH2) and current (i, CH3) waveforms of the switch. When the switch is turned on, the current flowing through the switch increases slowly such that the switch is turned on under the ZCS condition. When the direction of the current flowing through the switch reverses, the switch is turned off under the ZVS condition. After the switch is turned off, the current flowing through the switch drops to zero from a negative value; a high-frequency (approximately 3 MHz) resonance occurs between L r and the parasitic capacitance of the switch, which results in the oscillation of the switch voltage. waveform of v 1 also well replicates the simulation waveform. For example, the value of V T , which equals to the maximum value of v 1 , is 19.6 V in the experiment and 20 V in the simulation. Such small deviations are mainly caused by the parasitic resistance and tolerance of the components in the LCL resonant circuit. For example, the tolerances of L r and C r are 20% and 10%, respectively. In other words, the values of the resonant components in the experiment are not exactly the same as those used in the simulation. Fig. 6(b) shows the waveforms of the currents i p and i Ds2 , which hare similar to those obtained from the simulation. D s2 is turned on at zero current. Thus, it is turned on under a low di/dt condition.
To testify the benefit of using the soft-switching technique, the efficiency of the proposed converter is compared to the corresponding hard-switching converter, which is obtained by removing the LCL-resonant circuit in the dash-line block of the proposed converter in Fig. 1. Fig. 8 shows compares the measured efficiencies of the converter implemented with soft-switching and hard-switching, respectively. As shown in Fig. 8 , both converters has achieved over 90% efficiency when the output power is larger than 35 W. However, the proposed soft-switching converter has a higher efficiency than the hard-switching converter over the entire operating range plotted. Particularly, the soft-switching converter has achieved the maximum efficiency of 93.57% when the output power of the converter is 58 W. The increased efficiency is largely attributed to the use of the proposed soft switching technique, which has reduced the switching losses of the main switches S 1 and the rectifier diodes D s1~Ds4 .
The distribution of power losses is analyzed among the switch, diodes, and the magnetic components, including the three inductors L 1 , L r , L k , and the transformer. The losses of the switch and the diodes are calculated by using the measured voltage and current values with a 5 GHz sampling frequency within 200 μs. The copper losses (P copper ) of the magnetic components are calculated by using the measured root mean square currents and their resistances provided by the manufactures. The core losses (P core ) of the magnetic components are estimated as four sixths (4/6) of the corresponding copper losses, i.e., P core : P copper = 4 : 6. This is because the ratios P core : P copper of the magnetic components were designed to be 3:7 or 4:6. Fig. 9 shows the power loss distribution when the output power is 100 W. As shown in Fig. 9 , most of the losses come from the switch and the rectifier, as the percentages of the losses in the switch and in the rectifier diodes are 28% and 36%, respectively. The losses of the four magnetic components take 29% of the total loss of the converter. Therefore, a low on-resistance switch and low forward voltage diodes are preferred to further improve the efficiency of the converter.
VI. CONCLUSION
This paper has proposed a single-switch, LCL-resonant, isolated, DC-DC converter. The proposed converter has advantages of using the least number of switch and high efficiency. The introduced LCL-resonant circuit not only makes the switch work under soft-switching conditions, i.e., turning on under ZCS and turning off under ZVS, but also reuses the energy stored in the leakage inductance of the transformer. The proposed converter has achieved the maximum efficiency of 93.5% and has higher efficiency than the corresponding hard-switching converter over the entire operating range. 
